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) Auger  electron  spectroscopy  was  used  to  study  segregation  of  Group  1VB 
solutes  i.o  the  surfaces  of  individual  gnins  of  a  polycrvstal  1  ine  Fe-3.1 
pet  Si-0.06  pet  Sn-0.004  pet  C  alloy  heated  in  UHV.  As  the  temperature 
was  increased  C,  Si,  and  finally  Sn  segregate  in  that  order,  consistent 
with  thei r  dif fuuivities  in  Fe,  each  succeeding  element  expelling  the 
preceding  from  the  surface.  The  interactions  between  C  and  Si  and 
between  Si  and  Sn  appear  to  be  strongly  repulsive,  while  the  interaction 
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Aujer  electron  spectroscopy  was  useu  to  study  segregation 
of  Croup  I Vd  solutes  to  the  surfaces  of  individual  0rair.s  oi  a 
poly  crystalline  I1  e  ~  3  •  x  pet  ol- 0.0b  pet  Ou~d.UOa  pet  C  — .  j-  1  o  y  .  *  e  a  t  e  u 
In  ciiV.  the  temperature  was  increased  C,  di,  ana  hit. ally  On  se 

«_,ate  in  that  oruer,  consistent  with  their  dilTusi vities  in  ,  eat 
succeed  if.,;  element  expeLlinj  the  preceding  i'ro;..  the  suriace.  Yne 
interact  Lens  beta  .on  C  and  di  anu  between  Ci  anu  din  appear  to  be 
str./..Jiy  I’epulsi'/'  ,  wniie  the  interaction  between  C  aria  On  appear- 
wear,  i  t  f  i  j  s  _s  discus  see  in  to  r  m—  o  1  a  —  i  —  c  e  l  i  c*  e  t .  .at  —  e  l  e  ^a  —  i  o  a 
boha/ior  ol'  eaeii  element  depends  on  the  crystallographic  orientati 
of  t  ie  surface;  C  arid  On  seem  to  follow  sii.iilar  patterns,  whiie  Oi 
beha/es  somevrnat  differently. 
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luti'Q'iiic I.-n 

When  segregated  solute  atoms,  or  atoms  chemisorbeu  from  tu 
vapor  phase,  arc  found  on  the  surface  of  a  crystal,  they  are 
generally  founu  to  occupy  specific  crystallographic  sites^^. 
Thus  it  is  to  be  expected  that  there  will  be  differences  in 
segregation  or  chemisorption  behavior  on  crystal  surfaces  of 
different  orientation.  Examples  of  this  have  been  shown  by 
Shelton  et  al . ^ )  for  the  case  of  0  segregation  to  Ni  crystal 
surfaces  and  by  Johnson  et  al.^)  for  the  case  of  differential 
segregation  of  Au  to  differently  oriented  surfaces  in  a  poly¬ 
crystalline  sample  of  a  lii-Au  alloy.  We  have  commenced  a  study 
of  segregation  of  the  Group  IVB  elements  C,  Si,  and  Sn  in  Fe, 
and  we  report  here  observations  of  competitive  segregation  of 
these  elements  to  the  surfaces  of  individual  grains  in  a  poly- 
crystalline  sample  at  temperatures  up  to  700°C. 

Ex  per  i. mental  Froce  Jure 

The  vacuum-inauction  melted  alloy  was  received  in  tiie  form 
of  a  cast  ingot  of  dimensions  2. 5*5x1. 3  Clil  (below  the  hot  top), 
the  composition  of  which  is  given  iri  Table  1.  A  3uim  slice  was 
cut  from  the  ingot  and  was  hot-rolled  at  950°C  in  10  passes  to 
0.6mm.  After  this  OOpct  reduction  the  strip  w as  homogenized 
at  950°C  for  20h.  In  order  to  produce  a  large  grain  size  the 
strip  was  given  a  tensile  elongation  of  2.5pct  (In  10  sec.) 
and  was  annealeu  as  Indicated  in  Fig.  1.  The  sample  was  then 
metallograpnically  polished  and  etched  with  3pct  Nital.  The 
resulting  grain  size  was  iri  the  range -3  to  5mm  uium. 
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The  o;  lenUUo:.o  of  individual.  grains  wore  determines  by 
tne  Laue  back-reflection  method.  The  orientations  of  the  grains 
used  for  Huger  analysis  are  shown  in  the  standard  stereo^rapnic 
triangle  in  fib*  k. 

The  heating  metiiod  used  in  the  ultra-high  vacuum  (UHV)  sys¬ 
tem  was  similar  to  that  employed  by  Yen  et  al .  ^  ^  The  specimen 
holder  is  shown  in  Fig.  3;  the  specimen  was  heated  by  conduction 
from  the  resistiveiy  heated  tungsten  ribbons  to  which  it  was 
spot-weldeu.  This  configuration  gives  a  reduced  electric  field 
in  the  central  portion  of  the  specimen,  and  it  permits  Auger 
analysis  at  elevated  temperatures  (with  the  heating  current  on). 
Tne  maximum  current  used  was  20A.  A  thermocouple  spot  weluea 
to  the  back  of  the  specimen  was  used  to  control  the  temperature, 
which  was  held  constant  within  5°0  up  to  ?00°C.  Tne  temperature 
variation  over  tne  10x5mm  area  of  the  sample  was  estimated  to  be 
less  than  iQ°d. 

The  segregation  behavior  on  y  grains  was  studied  at  pd°C 
intervals  over  tne  temperature  range  25  to  70Q°C.  'The  sample 
surface  was  initially  sputtered  ciean  with  Ar+  at  2p°C ;  tne 
temperature  was  then  raised  to  50°C  and  the  Auger  peak  heights 
were  obtained  for  individual  elements  using  a  mul ti-char.uel 
analyser  as  a  function  of  time  until  a  steady  state  was  readied. 
Then  the  temperature  was  increased  by  yO°C  and  the  process  was 
repeated,  and  up  to  700°C;  tnereupon  the  process  was  reversed 
until  the  sample  returned  to  2y°C. 

The  Auger  measurements  were  made  v^ith  a  Physical  klectron.es 
scanning  An,  >,r  hictoprobe  (DAM)  using  a  primary  beam  size  of  1[> 0  (i 


at  3koV  ana  5U  pa  bean;  current.  The  modulation  voltage  was 
6V.  The  Auger  peaks  used  for  analysis  were  (in  eV ) :  Fe  703, 

3n  30 ,  C  270,  Si  92,  and  0  503*  It  should  be  noted  that  the 
92eV  Si  peak  contains  a  contribution  of  uncertain  magnitude 
from  the  86eV  peaic  of  Fe  and  that  the  latter  decreases 
rapialy  as  the  Fe  is  covered  by  segregating  elements. 

Results 

Initial  Cleaning.  The  surface  composition  on  grain  no.  15 
as  a  function  of  sputtering  time  is  shown  in  Fig.  A.  This  shows 
that  the  surface  was  initially  contaminated  with  C  ana  0,  due  to 
contact  will;  the  air  and  cleaning  in  alcohol.  It  also  showed  a 
small  excess  of  Sn  and  a  corresponding  deficiency  of  Si.  How¬ 
ever,  tne  sputtering  data  for  the  latter  indicates  an  excess  of 
Si  below  the  bin-enriched  surface  layer.  This  was  our  first 
direct  evidence  for  a  repulsive  interaction  between  Sn  arid  Si 
in  Fe,  which  we  expected  because  of  tne  chemical  similarity  of 
these  solutes  and  by  analogy  with  tne  C-Si  repulsion  studied 
long  ago  by  Darken^).  The  fact  that  Sri  segregated  preferentially 
with  respect  to  Si,  even  though  the  concentration  ratio  was  1:200 
on  an  atom  fraction  basis,  attests  to  the  greater  surface  activity 
of  Si;  vs  Si.  The  presence  of  the  Si  would  be  expected  to 
enhance  the  surface  activity  of  the  Sn  because  of  their  mutual 
repulsion.  This  can  be  rationalized  in  terms  of  the  Guttmann 
regular  solution  model  as  shown  by  hcriahon  and  Harchut^). 

Scgre,  ;a  lion  be  ha  v  1  or 

examples  of  tne  apparent  steady  states  reached  after  prolonged 
heating  at  A5U  and  b 50°C  are  shown  in  Fig.  5.  At  450°C  the 
surface  coverage  by  C  on  grain  no.'  20  decreased  and  that  of  Si 
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increase;  ‘iii  L..  is  in  keeping  v.  l in  the  anticipates  repulsive 
interaction  L»e tween  these  elements  in  F'e  (see  above);  however, 
we  cannot  cay  anything  about  the  total  1‘ractional  coverage  of 
the  surface  or  ws ether  ti.e  C  ana  iii  compete  on  an  individual 
site  basis,  as  opposed  to  growth  and  shrinkage  ol‘  patches  of 
area  containing  only  C  or  Si.  ho  Sn  segregation  was  observed 
at  ‘■cjO°C  during  trie  time  of  observation  (60  min.);  later,  this 
wii:  be  shown  to  be  a  kinetic  limitation. 

At  b60°C  (Fig.  6b)  Sn  segregated  strongly  on  grain  no.  Ip 
arid  reacnon  a  steady  state  within  lOh.  Trie  re  was  some  d  isplacement 
of  ;  i  observed.  Tne  amount  of  si,  ii'  any,  remaining  alter  1  Oil  is 
unlcr  own  because  of  trie  above-mentioned  interference  by  the  F’e  bOeV 
peai  . 

Lar.p;  differences  were  observed  in  the  surface  concentration 
or  any  element;  rro..i  one  grain  to  another.  This  can  be  illustrates 
by  Figs.  6  and  '/ ,  eacn  ol  which  snows  a  di  lie  rent  3-graiu  ,,  unction. 
Figure  6..  is  a  ccanr.irig  electron  micrograph  (Sih-i)  ol  a  Junction 
in  tne  ecimwii  ter*  ageing  at  460  u;  the  image  was  formed  by 
detection  of  assiroeu  specimen  current.  Figure  6b  is  a  SAli 
itnag  .■  formed  by  monitoring  trie  Si  62eV  Auger  electrons;  it  is 
obvijus  tnat  grain  no.  1  contains  much  Si,  while  grains  no.  2  and 
i  do  not.  It  is  interesting  tnat  tue  Si— covered  grain  appears  dark 
in  toe  Si.i-i;  we  believe  that  this  is  due  to  a  reduction  in  the  work 
function  uf  the  surface  due  to  the  Si  coverage.  'inis  would  allow 
re  la  ti  very  greater’  emission  of  secondary  electrons  from  the 
surface  ol  tnis  grain  into  tiie  vacuum  anu  would  produce  a  corres  — 
ponu.ngly  smaller  specimen  current  when  the  electron  beam  passed 
over  this  grain.  A  similar  phenomenon  was  exhibited  when  Sn  was 
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allowed  tu  r^  place  tho  bi  by  heating  at  GuQ°C.  Figure  7a  is  two 
vJi.i-1  ol'  a  3-grain  junction,  ana  F  i  u .  7b  is  the  coiTesi-oiui:^  *jh.. 
image ;  note  that  tuc  bn-covered  grain  is  uari:  in  tne  bah. 

Examples  or  the  segregation  behavior  of  the  various  elements 
on  different  urains  over  the  temperature  range  studied  are  shown 
in  Fib*  &•  The  curves  for  individual  elements  on  different  grains 
are  superimposed  in  Fib-  9-  Certain  general  similarities  are 
evident:  Below  tOO°C  C  segregated  at  the  expense  of  bi ; 

between  '•400  and  6U0°C  bi  segregated  strongly  and  expelled  C  from 
the  surface  completely;  above  600°C  bn  segregated  strongly  arid 
expelled  bi  from  the  surface.  The  bn  concentration  decreased  when 
the  temperature  was  raised  beyond  61)0°C;  this  is  consistent  with 
the  observation  by  Lea  and  beah^^  that  significant  evaporation  of 
bn  occurs  above  that  temperature. 

When  the  sample  was  cooled  in  1Q0°C  steps,  the  bn  concentration 
remained  high  ana  bi  did  not  re-appear.  Thus,  it  is  concluded  that 
the  equilibrium  configuration  of  this  alloy  involves  bn  segregation 
to  the  surface;  the  appearance  of  bi  between  400  and  600°C  is 
presumably  the  result  of  its  greater  diffusivity  relative  to  bh  in 
that  temperature  range  as  shown  in  Fig.  10.  if  we  consider  the  peal: 
temperature  range  for  C,  bi,  and  bn  in  Fig.  y,  we  find  that  these 
temperatures  correspond  roughly  to  a  diffusivity  of  cm~^  sec-*, 

as  indicated  by  the  dashed  line  in  Fig.  lo. 

As  cooling  progressed  down  to  5dO°C  the  bn  concentration 
increased  somewhat,  implying  that  surface  saturation  was  being 
approached  as  the  temperature  decreased.  Carbon  was  found  to  return 
to  the  surface  below  400°C,  but. this  did  not  seem  to  affect  tho  bn 

This  implies  that  Interaction  between  these  elements 


concentration. 
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to  the  atomic  arrangements  on  the  surfaces  of  different  oriental  ior. 
Tue  general  pattern  can  be  seen  if  the  maximum  peak  hei,~nt  ratios 
(.-’HR),  ufinj  the  Re  703 eV  peak  as  the  denominator,  are  normalises 
(usir.jj  tr.e  iar^fst  value  for  each  element  to  define  100)  a.ns 
plotted  on  the  standard  s tereo^raphic  triangle.  The  results, 
shown  in  fi 11,  indicate  the  presence  of  a  belt  in  the  lower 
central  portion  of  the  triangle  in  which  all  three  elements  reacne.. 
higher  concentrations  than  in  surroun  J  in.,  orient  at  ions  .  However, 
i>i  reached  its  highest  concentration  on  a  surface  oriented  near 
the  (ill;  corner,  whereas  tne  maximum  C  and  On  concentration:;  w-_re 
ri  ,-ar  their  lowest  values  ort  tills  surface. 

L)  ncusSi.o.u 

The  observations  uescribed  l.ere  wore  in  to  need  to  be  exploratory 
aid  to  reveal  tr.e  areas  in  which  fruitful  detailed  experiments 
c  >uld  be  carrier,  out.  Primarily,  they  have  raises  the  question  of 
t  ic  basis  for  the  orientation  effects  portrayed  in  M^.  il.  .The 
next  set  of  experiments  will  concentrate  on  this  issue  and  will 
employ  crystals  specially  oriented  so  that  their  surfaces  are  well- 
d<  fined  low -index  pianos ,  such  as  (100)  ,  (liO),  .and  (111).  one 
aspect  which  deserves  particular  attention  is  w.hetiier  tr.e  hi^h 
if.de/.  surfaces  r  rar  the  center  of  the  triangle  are,  in  fact,  single 
planes  or  combinations  of  steps  of  lower  index  planes. 
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xUtter  case  prevails ,  then  tne  total  surface  coverage 
should  be  undoes  tuneable  In  terms  of  coverages  foe.uu  on  tne 
constituent  lower  Index  planes. 

Two  aspects  of  tne  segregation  behavior  which  snow  up 
clearly  and  which  can  be  understood  fairly  well  even  at  this 
stap;e  of  the  work  are  the  presence  of  metas table  surface 
coverage  by  faster  diffusing  elements  at  lower  temperatures  and 
the  presence  of  strong  chemical  repulsion  between  C  and  Si  and 
between  Si  and  Sn.  The  former  aspect  appears  to  be  the  surface 
analog  of  tne  formation  of  metastable  bulk  precipitates  curing 
aijein^j  of  a  supersaturated  solid  solution.  This  kind  of  pnenome- 
non  lias  been  recognized  and  studied  by  physical  metallurgists 
for  many  years. 

Tne  repulsive  chemical  interactions  are  to  be  expected 
between  chemically  similar  elements  whicn  do  not  combine  to  form 
compounds  when  each  is  dissolves  in  a  third  element.  The  interesti 
feature  revealed  in  the  present  study  is  the  importance  of  atomic 
sJ  differences  in  determining  the  decree  of  cnemical  repulsion.. 
The  relevant  atomic  sizes  are  listed  in  Table  II,  in  wnich  the 
atomic  radii  are  adjusted  for  a  bulk  coordination  number  of  12. 

The  size  uifferences  between  C  and  bi  and  between  bi  arid  bn 
(witn  respect  to  l-e)  are  32.Hpct  and  23.7pct,  respectively;  ■ 
whereas  it  is  t>0.ipct  for  the  case  of  C  and  bn.  Apparently, 
the  difference  in  the  latter  case  is  so  iurbe  that  tnese  elements 
behave  somewhat  independently  as  far  as  surface  segregation  is 
concerned.  Presumably,  one  should  not  look  upon  this  as  only 
involving  atom  size,  per  but  also  as  an  effect  of  size  on 

the  outer  electron  properties.  i-'or  example,  the  outer  p  electrons 


Oi  . '  1  U  SC  ‘i*.  I'l'i  Jiij  ifUui.  i  Lo  t  nw  <±\,r  .  xeSS  t  ,_p  .t  *.'j  w  *  i  v ;  r  i  0* 

0  simply  tucuu.,^  oi'  tneir  ^reutwr  wistanje  from  tne  nucleus  • 

Cone  1  unions 

1.  In  an  Pe-dasea  alloy  containing  3-lpot  Si,  O.OCpct  lr.,  ami 
Q.COlpet  C  •_•  :ch  of  the  solutes  was  observes  to  se^rc-^ate  to 
the  surface  uurin^  heating.  As  tile  temperature  w as  raises  tr. 
dominant  element  was  C,  then  Si,  then  Sn,  each  replacing  the 
previous  element.  This  is  presumably  a  kinetic  effect, 
reflecting  tie  relative  diffusi vities  of  these  elements  in  re 

2.  The  re  are  repulsive  interactions  between  C  and  Si  ans  between 
Si  and  Sn  in  that  the  presence  of  one  tends  to  expel  or  exclu 
the  other  i'r  the  surface.  However,  C  arm  Sn  seem  to  oehave 
rela lively  1:  -ependently  of  each  other.  This  is  rationaliser 
in  tjrii.s  of  •. r.o  ato;.:ic  size  differences  with  respect  to  lo. 

3-  Tne  maxima,,  level,  arid  even  the  temperature  ran^e  of 

senr  -.^at  loii ,  >f  t.nese  solutes  deoenu  on  tne  crys  tal  lo^rapni c 
orientation  of  the  surface.  C  ana  Sn  appear  to  follow 
si  mi  ar  orystn  Llo;jraphic  preferences,  but  Si  behaves 
somewhat  niff  -•ror.tiy . 

A  c  k  no  w  l  o  J  .yet.i  <:■  n  t  s 

This  research  was  supported  by  the  office  of  i.'aval  hesearen 

under  contract  .’PmUl  4-7cy-C-Gy  y  1 . 
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1‘AiiLii  I.  Composition  of  the  Sample 


Elements 

Si 

C 

3 

Sn 

Fa 

Wt  % 

3.1 

0.004 

0.004 

0. 06 

Balance 

TABLE  II.  Atom  Size  Data  Adjusted  For  • 
Coordination  number  12 


C 

Si 

Sn 

Fe 

r( 10“^  cm  ) 

0.914 

1.32 

1.62 

1.26 

A" 

-0.35 

+0.06 

0.36 

0 

Ar/Ppe 

-27.6?. 

+4.6* 

+2B.5J. 

0 

/  / 


Fiduhe  -j/ii’Tioi.j 

1.  Annealing  schedule  for  producing  cuurse-graineu  spec imons . 

2.  Orientations  of  surface  normals  of  the  grains  studied. 

3«  Details  of  specimen  holder. 

^ .  Variation  of  surface  composition  during  initial  sputtering  of 
one  train  showing  initial  contamination  by  C  and  0,  small 
segregation  of  Sn,  and  depletion  of  Si. 

5.  Examples  of  variation  of  surface  composition  of  two  grains 
an  a  function  of  time  at  4yo  and  6bO°C. 

6.  (a)  Scanning  electron  image  (using  absorbed  specimen  current) 

of  a  three-grain  junction  at  k‘j>0°C.  (b)  Scanning  Auger  electron 

image  (using  the  Si  y2eV  electrons)  showing  that  the  grain  with* 
high  Si  coverage  corresponds  to  the  dark  grain  in  (a). 

7-  (a)  Scanning  electron  image  of  another  three-grain  junction 

at  6l»0cC.  (b)  Scanning  Auger  electron  image  (using  tne  Sn  ^jueV 

electrons)  showing  an  effect  similar  to  that  in  Fi0 .  6. 

b.  Examples  of  variation  of  steady  state  surface  composition  of 
four  grains  with  equilibration  temperature  uuririg  both  heating 
and  cooling. 

y.  Superposition  of  curves  from  Fig.  8  for  (a)  C,  (b)  Si,  anu 
( c )  Sn • 

10.  Dlfl'us ivities  of  C,  Si,  and  Sn  in  Fe,  extrapolated  from  data 
compiled  in  Kef.  y. 

11.  Dependence  of  maximum  Auger  peak  height  ratios  (normalised  to 
100)  on  surface  crystallographic  orientation  for  (a)  C,  (b)  sn, 
and  (c)  Si. 
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